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measure experimentally the effects of flap gap variation on 
the characteristics of an NACA Series 66 Modified airfoil 
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of an open or closed gap and its width to be dependent upon 
the rudder's angle of attack and flap angle. Under certain 
circumstances an open gap is beneficial for performance and 
under others it is detrimental. Theoretical prediction of 
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angle at a 10 degree angle of attack was verified except for 
its magnitude. The experimental value is significantly 


smaller than the theoretical value. 
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1. INTRODUCTION 


The concept of a flapped movable control surface is 
indeed the result of the realization that a change in the 
surface's geometry, namely, a change in camber, causes a 
change in the aerodynemic or hydrodynamic characteristics 
of the section. Flapped airfoils or high lift devices have 
been investigated extensively by aerodynamicists in search 
of a method to improve aircraft lift performance during take 
off and landing without effecting its high speed and cruising 
Me setenistics. The majority of information concerning 
lifting surfaces utilized in the field of naval architecture 
is closely associated to works in aerodynamics. 

The most common type of hydrodynamic control surface 
is the all movable rudder, a symmetric section which develops 
its lift by variation in angle of attack. A second variation 
is a movable rudder positioned behind a fixed skeg which 
develops lift by the variation in camber. Thirdly is a 
combination of these types, an.all movable rudder with a flap. 
This type of surface develops lift from both the angle of 
attack and camber variations. It is this type of control 
surface that the efforts of this thesis are mainly directed. 
The results will extend the experimental work conducted by 
Bottomley (2) and those experiments recently completed at 
the M-I.T. Marine Hydrodynamics Laboratory under the 


Gaeeetion of RPeofessor J. Ex. Kerwin. 
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Bottomley's results apply only to a skeg rudder with zero 
inflow angle. It was not until the most recent M.I1.T. 
experiments eonducted in 19/0 that a family of flapped 
rudders was systematically tested to characterize the effects 
of flap angle Sigiection. angle of attack, ratio of flap 

area to total rudder area, percent of balance area to flap 
area, and inflow angle on lift, drag, rudder moments, and 
flap’ moments. As stated in reference (2) prior to 1965 there 
existed no theoretical method to predict such effects. In 
fact it was not until 1969 that a computerized method (13) 
was proposed that utilized theory described in references 

3, 4, 10, 11, 12, and 14 to predict characteristics of 
flapped rudders. _ 

The experiments conducted at M.I.T. involving an NACA 
66 Modified section configured as a flapped rudder did not 
investigate the effects of gap width between the flap and 
the forward section of the rudder. Reference 13 describes 
a theory which prédicts the effects of gap width for a 
rudder of the 66 series for a particular flap angle at a 
particular angle of attack. 

In order to analyze the theoretical predictions and 
further the effort to develop substantial experimental 
results, this thesis investigates experimentally the effects 
of gap variation on a 30% flapped rudder of a section 
similar to those rudders previously tested at the M.1.T. 
Marine Hydrodynamics Laboratory and considered in reference 
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As ate moat devices there exists a limitation on the 
use of a flapped all movable control surface. Generally, 
if size is a controlling criterion ofidaosceh or “tite 
performance in astern operation is not critical such a 
surface is adequate. A fin stabilizer on commercial and 
naval vessels, and flapped keels on sailing yachts are 
examples of proper use of such a control surface. The fact 
that a 30% flapped control surface is representative of the 
Pa oweien is used for both purposes dictated the choice of 
such a rudder as the subject of this investigation. 

The motivation for the work of this thesis stems from 
the fact that information in this area of naval architecture 
is minimal, and that until thorough complimentary 
experimental and theoretical analysis is conducted, proper 
selection of an optimum rudder for specific control 


requirements is not possible. 
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Il. PROCEDURE 
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The model used in this investigation is a NACA series 
66 Modified airfoil section configured as an all movable 
type of flapped rudder. The flap is an unbalanced type 
with a surface area total rudder area ratio of 0.30. The 
model is a cast bronze construction, with a rudder hinge 
line 2.91/7 inches from the root section leading edge, and 
a flap hinge line 6.417 inches from the leading edge. More 
detailed specifications and dimensions are contained in 
figure 1. Variation of the flap hinge line postion and 
therefore the gap width, the distance between the forward 
section trailing edge and the flap section leading edge, is 
accomplished by oe. cdGnths the adjustable tip and root flap 


hinge brackets. 
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The tunnel wall interference corrections developed in 
reference 5 modify the angle of incidence of flow and the 


drag coefficient. These coefficients are: 


Angle Correction = 0.137(S/C)*C, 


Drag Coefficient Correction = 0.137%(S/C)*C;7 
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Figure 1 
Model Specifications and Dimensions 


Taper Ratio 0.60 

Geometric Aspect Ratio 1.40 

Root section Thickness Ratio OHZO 

Tip section Thickness Ratio 0.10 
Length 10 inches 

Sweep of quarter chora ll degrees aft 
Mean Chord 7.142 inches 
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The variable speed, variable pressure water tunnel of 
the Department of Naval Architecture and jamie Engineering 
was utilized for the tests. The rudder was tested in two 
modes at three flap gap width settings, 0.020, 0.050, and 
0.100 inches. Mode One tests are conducted with the gap 
open, and Mode Two tests with the gap closed and faired. 
The material used to fair the flap gap is modeling clay of 
the quality associated with aircraft wind tunnel experimen- 
tation. This type of clay proved to be compatible with the 
environment of the water tunnel. The test procedure is as 
follows: 

This is accomplished by placing the proper amount of shim 
stock between the trailing edge of the rudder forward 
section and the flap leading edge. This setting is fixed 
by the friction type root and tip adjustable flap hinge 
brackets. 

The flap angle is sét by means of a friction clamp located 
at the root hinge bearing surface of the flap. The angle 
measurement is determined by a flap angle template incre- 


mented at 5 degree intervals. 
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3. Mounting Model/Position Fairing Plate 
The model position in the dynamometer is fixed by a keyed 
friction clamp secured to the rudder shaft and the dynamo- 
meter spider. In order to reduce cross flow at the rudder 


root, a fairing cover plate is installed on the dynamometer 


window over tne rudder root hinge bracket recess. 


4. Set Load Cell _ Indicators 
The rudder-dynamometer unit is mounted in the water tunnel 
and the tunnel is filled in preparation for the tests. 
Zero settings are then set on the load cell digital 
indicators. The indicators were previously calibrated with 
the standard calibrate resistors. .The indicator zero settings 
are as follows: station one, 100 counts; station two, 50 


counts; station three, 50 counts; station four, 100 counts; 


and station six, 50 counts. 


+. Conduct Test 
The operational test consists of measuring the angle of zero 
normal force followed by recording all load cell indicator 
readings resulting from a dynamometer angle variation from 
+ 30 dégrees to - 30 degrees in increments of 5 degrees. 
The water speed is maintained at 20 fps for the entire test 
period. Following this routine the load cell zero readings 


are recorded. 
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Steps 2 through 5 of the test procedure are repeated for 
each flap angle. The flap angle variation is 0 to 35 degrees 


in 5 degree increments. 


OS ome ea) GRE eee 6° 8 GE oe & oe ome 


The entire procedure is repeated in Mode Two with the flap 


gap faired with modeling clay. 
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After the rudder is tested in both Mode One and Mode Two 
at a desired.gap width setting, steps l through 7 are 


conducted at a new flap gap setting. 
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The data is recorded on IBM Fortran sheets in a format 
compatible with that described in the Data Reduction Computer 
Program and reduced to coefficient form. The output of the 
data reduction program is plotted by a. computer sovieto lied 


plotter. 
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The experimental results are represented graphically by 
Pieures 2 through 26. 

Figure 26 compares the theoretical predictions (13) 
of the lift coefficient variation with Bap width with the 
experimental values. This comparison is at a ae angle of 
5 degrees at a 10 degree angle of attack. 

The variation of lift coefficient with angle of attack 
and flap angle for each gap width investigated appears in 
figures 2 through 7. Figures 8 through 13 illustrate the 
effects of gap width variation on drag coefficient. Rudder 
moment coefficient eer one are described by figures 14 
through 19, and ESes in = of pressure coefficient 
for both lift and drag forces are illustrated in figures 20 
through 25. The forces and moments were non-dimensionalized 
according to expressions found in the Data Reduction 
Program. 

The model at zero flap angle contained slight imperfect- 
ions of symmetry caused by two sources; the model casting 
and the inability to set the flap at zero flap angle with 
precision. It must be emphasized that this imperfection in 
symmetry at zero angle is minute and within the bounds of 
normal engineering testing tolerance when the cost involved 
to develop a precision casting and a precision flap posit- 
ioning mechanism is considered. 


«ie 





The slight shift of the original lift and drag data was 
caused by this symmetry imperfection. This was removed by 
a simple shift routine in the curve plotting computer 


program. 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure / 
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Figure 8 
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Figure 10 
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Figure ll 
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Figure 12 
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Figure 15 
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Figure 20 
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Figure 21 
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IV. DISCUSSION OF RESULTS 


To limit this discussion to the rudder angles and 
flap angles normally applied to a control surface, the 
results are considered in detail for an angle of attack 
ranging from 0 to 15 degrees and a flap ang le ranging from 
O to 20 degrees. 

Figure 26 is a graph of the théoretical prediction and 
the experimental result regarding lift coefficient variation 
with gap width at the specification of 5 degrees flap, and 
10 degrees angle of attack. This graph illustrates the 
following: (1) that the theoretical and experimental results 
are in agreement concerning the relative magnitude of closed 
gap Cy and open gap CL for all gap widths. (2) that the 
magnitude of the theoretical Cy is greater than that 
resulting from the experimental tests. 

The second observation is probably tha result of cross 
flow at the root of: the model despite efforts to eliminate 
it by means of a root cover plate. Mechanical clearances 
preclude the complete elimination of cross flow by this 
method, although the author considers the cover plate method 
economically effective. The theoretical prediction assumes 
no cross flow at the root which in effect introduces an 
aspect ratio equal to twice that of the actual rudder. 

For discussion of lift coefficient the results are 
plotted as figures 27 through 31. The following trends are 
evident: 


BGO 





(1) For a flap angle of 0 degrees the variation of C; with 
gap width is slight and the differences in lift coefficient 
for an open or closed gap is negligible. Thies holds for 
each alpha ranging from 0 to 15 degrees. 

(2) Generally for a flap angle equal to 5 degrees the open 
large width gap yields equivalent lift coefficients as the 
smaller closed gap, except at alpha of 5 degrees. 

(3) For a flap angle equal to 10 degrees the larger open 
gap is associated with a Lift coefficient greater than or 
equal to the smaller open or closed gap for alpha of 10 or 
15 degrees. At an alpha of 5 degrees the smaller closed gap 
as best. 

(4) For flap angles of 15 or 20 degrees the larger open gap 
produces larger lift coefficients than all other gap 


warcaations. 


These trends of lift coefficient associated with gap 
Variation could result from boundary-layer control at certain 
angular combinations of flap and rudder. Higher energy 
fluid is directed from the lower surface to the upper 
Surface in such a manner as to delay separation of flow over 
the rudder and thus improve lift characteristics. The 
theoretical model assumed viscous fluid flow in the gap and 
on fluid flow in all other regions. It would seem from 
these results that gap effects on various characteristics 


would be better predicted using beundary-layer theory for 
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some regions of the flow field. 

Figure 32 illustrates that the change of lift 
coefficient with the change of angle of attack is higher 
for larger open gaps while the flap angle varies from 5 to 
20 degrees. 

Considering an angle of attack range from 0 to 15 
degrees, figures 8 Eee 13 reveal the following drag 
coefficient variations: (1) ALL differences are small: (2) 
Drag coefficients decrease as open gap width increases; (3) 
Open gap drag coefficients are less than closed gap coeffi- 
cients at small gap widths. If the hydrodynamic flow is 
improved by extending the point of separation the drag 
coefficient could. be expected to decrease. 

There exists a tendency for an open gap rudder to have 
less variation in rudder moment coefficient than a closed 
gap rudder at the same gap width. This variation is 
illustrated in figures 14 through 19. Study of figures 20 
through 25 reveals no noteworthy variations in Lift center 
of pressure coefficient as the gap width is varied open or 


closed over an angle of attack domain from 0 to 15 degrees. 


aitphe 





| re 
‘ { 


sated, Matted J 


= bp ae 8 84 ome 
jt }, i thoy 7] Tr * 
ars teria _— oe 4 
) ! i | 
* te 





= 2 hn, ~) {-s==t ect 


a fy ip 


te 
pay | Ge ee ears 
-e-0 6 me bet tenure 














= === 


2222S ees Ss 





hes fe eece 
Ferleredjanl pinteeniuse eet rrtfncs detect sass} 


qgase 








S25 ess = aS eceaiaceslassstetar 





4 Get 6 oe oe 
Dn eneilin diatoms ated 


a 


Pe ao 
bie wee Ft Oe ee me | wend jms wot 


eaeteee& 


© 


eoitna 


wepoe baesesot « 


o- 0-0 -§ 4-2-2 OF Dee 
Wiest 


stoned ee par Tes 


ao 
oa 


Bt et OO - oy 
— 4 me = fb - ore-e + we - 


owe he we fee eee 


ome gm -toba. oe 


feseiivei eessesitrvesst secceeseyees 


ante 


=e 





Seer oe eee ess 


hows oss 


‘> 


er 


+ 2e§ 4-2-0-0 


PT? 


se aca 
at) dn 


a4 $04 
-2@e 2 2 ot § +e + 


ae apes Ny. 


—" 
se + +e 
ee ee ee 
> pp (2 —* 


are 
be od - - eee Loe bao 6 


ee ee a ee ee ee 
woe § cms db 6 oo e- 


— + 
mod foe 6 


ged Pee 


ee ee ee 


we -e eh oe oe 


en 
toh PO ee pe mee fe we ted 


ee ee Jee awe o 
oe tt 


<2 
eee peeaieeee ae 


zien cesta 
meas nee aedate 
ee SEBEL 


a. eres 


ite ttttrit ttt tt 


Spegscaced svettecses 


cfaal fread 


Par 





Be elie 


Basi fesst 
a 


sensi 


canes 


Baeeiennia 


= 


Bee - 
a 4-- elie 
ede 


Car 


era aaa@eea 


; ‘ 
5 : > 
: 
co 2 
3 ots te 
Py * a ere ere tl 
oa ~o- be eS | ee 
= ad opal pp ere 
- » . bee ee . 
: . = 
oe . 
* 
‘ 


cease 


pe pauwecdous 


aif | 


test - Joa 

















A= sere 


7 ha 


= weet bed a 


> a 
Po. Peels oe 


otee oF ERE rd 
re sb 
oe - Saad . ee 


+ ho 


deebelscee cote 


be ewe. wee 


1B OR + a: 
rics eos 4 oe owe fou 


0 $2 a as $440 
. ors} a+ 


+ b+ q+ 


aor. 
ere 


—- add ae ee eae ; eg oo). | Nowe Su meer bald we betoneed fos 

| Bea Faseabecs| peas essed opesy Cate tad = atest = : Ba ged reesd Sara esp er pee 
fa ; 3 oe 
a7 Benno S206 sees eee : 
asjastaa fee rel estan Teusee freee svn eesiseens nn seseyforasewts 








ae ' 2.2 — 
+ o | {* 
re 
° 


oe mee ped bs _ aoa 


t 


“OPEN 


a = a 
oood 
° 


Y= 10 


—  ——_————— = 


= 


bl ie |S 


Cortese 
se 


ee 
ee ee 


ieee age ps. aS 
steers 
— ages bet 8 . ; 7 be me eh-e-- . ores = bee a . . 


‘fas 
Sy i -acacaee Eccles lew 
* 


er 


=a Seas ee 








a ee 











HU eS ee ee See) Ege Ses pe See 





ea 


=! — i rae on 


ee i 
=i owe oll oo —7 > oe * Oo. + © ome 
wes ie a 


ee } 
- in 9 cl _—+ 
' . 


oe es 


4 opts 


re rues 
Behan See 
=. ee 
Seea 


ee 


aateeeeene 


tote eb ese 


© wee § ee pe be + ond - 


red See bsoe po ote > 


cates 
wis to ae _ 
tbat me 

. 


=;!-;<p 4 
4 


=} -+ +04 = 


e . ds 
a te a cen 


i. 


ome 


. e ve 
: bs . 
e Be . Ee i 
ete dee S neaiaaied 
ogee eee 
. . . ° 
4 ‘ om e 


° 
~ 
. 
oe 
° 


beer Fe ee 
- 


° 
° . oe a 
* ee 
GS (Se 
pel ye yr 
od + pe ote isfy 


i eiajy cts 
~~ 


4 bee 6 = 


0 bo ent bom 2d © 5 ert pe 0s fh - 
+} o+-« 9 eager + 4-4 ies fag ee | 
oe 4 o> ected 


~ | dpe fo 4-4 ate 2 


ato bay ood 


ab alae eo SOE 
~~ eres i cae 
apices ab a Sitatt 


Ra PRES west 
i cobra oer eae 


Soe a: Feued yeesa os — 
- Sri Hee reGe 


Sevaents 
{ietodteena dia artes 


dul 
+4 vee ~o-$ 4- oe ae | 








oe 
mt ry rie i 


otal ay apy 


Tae Yi: ee 











reed Tee | 








| 
= 


ft To eeeer 
= 











: | 
-j=+ 
| “hea 
——4 q “i 
| 7 WY. 
= LS. eel i 
— 2 
— E O1U 
— | - - AN 
TBStitS h 





oT 





> + 
. 





{ 


> . 
‘we ° 
oe 
waee 
y 
ee 
» 
’ 


+ bee + oe 


amin andl 
aS oe 
edwe. odo ob bb o 








= ee eee Pa 
~~ te * - a — ° 





Row 2 bs —_ 


ee - 





SETI poLal panes bebetaneie 
Lo Wires UR gs nanee Bereaeret: 
a ee 5 or eeh ste 

3 


i a «4 -—l-od tye pert Os § doe. 


tahoe § meet tip eh § ood 
dela ety ++ t 


a4 

-b-¢ — md 9 tee ke Beg — 
ate ee ra ao ead IaH 
6-44 = oe 4-5 + an oe} §-4-¢-4-4 

“ay Wepe ~p+p tp to . wt et 
$r§ Antone § 2 oh ted eee 


t peeks an b+ bah tng 


iti eee 
.¢ aj (rch Netra ee eel ee 
Bare a wetted 4 





* abofe tate eo be 4 











: “em : -. + . -_—t. - sele : - oo. Se be - | J . —2 eabud fan cee fo <0, - 
a) eres wtedie ope ees a ered = tedek ee OS Awd = dap Sey a ft: 1aBe rT = eae 4 cbipi tes — oe See oh, Gi 
peel voce poope kent cqueseaIhCy tool meted gun cBpwnve coc x. sits a wid 33 sea cn Sains AO ats “ Sete’ posed stone psa 





“et Asie ood - - 
Be ee 


get oie ese 





at 





sae Saas ae Se 
so re so oe \ a 


ane — ine 





——-— a at ial eee | 


| = 





fea eee: 
IRE 


— @r+_ 


ee ee ee 
be oof abe 
~ de do - 


Se 
* e100 


eee - o bw f- 


SUIT 2 ~peeecs 
—_ 


a 


ob 
Se et 
a abs 


a ° 
& ao bh § 4 we 
ee et eee er eree 


cor 2 bf we, 4+ 





. 





aos 


fee 
feel nvniesee pore tea 


~ be. hee gs te tb 


=| 
Oi’ 


me 1s § eo - 
pe 
Ne ene 


ee 
eee anal a 





soa! 226) shai tig ~e: 


ear 


Saas 


oe cra lecet ee pod 


oo aetth 
. rar Sy re om é 


. om mag 


le 
die sond-dia = ths - Le poe 
oe 6 + OH (‘Es : . ° eels t deewary a 
be & § ty ote Lor Sapa Bahn ede heed PP Geary 


Soe 
mee 


fie: 
=~ od bese ee 


= $ 
se bee oe jae. 


e 


é . . 
. 4 
gee -b—0 


pet 
: sie 


se. 


oe 


a Page an 


Sl or aril icaeet ait Wearseenel rowae marmad 
ae repel nes tit 
+4 reba eae! ve 4 4 seit ot My a 


aay seo t- 


ite, eh wn bo] te - 


tnbeb lege 














ssmeral en! 


Sa ore 
aimccczeseses 


ae ie! hele er 
ee eee eee 















(1) The force-moment dynamometer functions properly and 
meets its design requirements. The design eliminates 
al SHignificant load cell crogs sale. 

-. (2) The existance of an open or closed gap and gap width 
variation have an effect on the rudder characteristics. 
These effects are dependent upon the angle of attack and 
flap angle of the rudder. These effects could be 
considered negligible or important dependent upon the 
Operational requirements of the design and the designer's 
judgement. 

(3) The theoretical method proposed in reference 13 
determines qualitative results which are in agreement 
with experimental results to the extent of correlation 
attempted in this thesis. The quantitative results are 
Moc similar. 

(4) If one were to design a rudder similar to the test 
rudder which was to function in an alpha domain of O to 
20 dezrees and a flap angle range of O to 20 degrees, 
choice of a larger open gap would result in the best 


Overwe | chaYacterpetics. 
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(1) More extensive output from the theoretical method of 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


reference 13 should be generated and compared with the 
results of this work. The information considered was 
limited to that available for comparison. This was 
Lift coefficient data at oné angle of attack «lid Flap 
angle. 

Larger gap widths than those considered in this thesis 
should be investigated. 

The effect of the gap position along the chord should 
be investigated. 

Utilizing the results of recommendations 1,2,and 3 
modify the theoretical method and develop an empirically 
verified theory. 

Consider the vertical force on the rudder im future 
Eests. 

Investigate the effects of gap variation on rudder flap 
moment. 

Investigate the effects of root gap variation on lift 


characteristics. 
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General 

Prior to this experimental work a force-moment 
dynamometer incorporating five strain gage load cells was 
utilized to measure forces on hydrofoil sections. 
Although this device effectively measured the désired forces 
and moments it was plagued by motion between the force 
measurement planes and possessed an inability to maintain 
a reasonably constant measurement reference system. The 
result of this was an undesireable characteristic, the 
introduction of cross talk among the various strain gages. 

In an attempt to reduce load station cross talk, and 
establish a reasonably fixed measurement reference system, 
the dynamometer utilized during this experimental investi- 
gation was constructed. This device is generally character- 
ized by a high degree of rigidity or stiffness, and a load 
cell arrangement which more directly measures the forces and 
moments noxmally of concern in the testing of Tirting 


surfaces excluding propellers. 


Coordinate System, Force-Moment Sign Convention 
Figure 34 illustrates the convention adopted to signify 
positive directions, forces and moments. Two axis systems 


are used throughout this investigation: instrument axis, 


SFG. 








as depicted in figure 34, and stream axis which orients all 
forces and moments relative to the stream velocity in the 


normal aerodynamic fashion. 
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Figure 35 illustrates the arrangement of all six load 
cell stations. Figure 36 illustrates the horizontal X-Z 
plane arrangement of three load cells mounted in the plane 
of the dynamometer spider. In the case of a rudder oriented 
perpendicular to the X-Z plane, it is possible to measure 
normal force, chordwise force, and yaw moment about the 
rudder shaft. Below are the expressions for these forces 
and moment: 

Normal force = -C(1)*R(1L)-C(2)*R(2) 
Chordwise force = -C(3)*R(3) 
Yaw moment = -18%C(2)*R(2) 

The subscripted CG refers to the calibration constant 
of the load cells located at the numbered stations in the 
horizontal plane. The subscripted R refers to the reading 
associated witn the individual load cells at the numbered 
stations. The moment arm from the shaft mounting in the 
dynamometer spider to station 2 is 18 inches. 

Figure 3/ and figure 38 illustrate the vertical 
arrangement of three load cells normal to the X-Z plane of 
the dynamometer, located on a seven inch radius from the 
shaft mount at 120 degree positions on the dynamometer 
spider. in the case of a rudder it 18 poseible to measure 
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Figure 34 








wei 





vertical force, roll and pitch moments with this arrange- 
ment. It is assumed in this investigation that the vertical 
force on the rudder is negiigible. Listed below are 
expressions for the pitch and roll moments: 
Pitch moment = 4.6%*C(3)"R(3)-10.5#C(6)*R(6) 
Roll moment = 4.6%(C(1)#R(1)4+C(2)*R(2))-12. 124% ( 
C(4)*R(4)+C(6)*R(6)/2) 


1l Load Cells and Recording Instruments 

Stations 1,4, and 5 are configured with 500 lb. 
capacity Lebow wheatstone bridge strain gage load cells. 
Stations 3 and 6 are configured with similar Lebow load cells 
with a 200 lb. capacity. Station 2 also uses a Lebow cell 
of 50 lb. capacity. Signals from these load cells are 
converted into a digital reading by means of Lebow Digital 


Indicators. 
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Figure 35 
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Figure 36 
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Figure 38 


ia 


SIHINI 9b 





6‘b SNOILWLS a | 
LLL{// 


oe 


9 NolivlS 


E NolWLS 


QSAA 


~67e 





111 System Calibration 
Load Cell 

The entire system, dynamometer, load cellg, cabling 
and digital indicators is calibrated as:a unit. The process 
consists of recording indicator readings associated with 
Known weights placed on a calibration shaft or T-bar which 
is mounted in place of the rudder shaft. Calibration 
constants with units of lbs. force per count are developed 
from these measurements, the known position of the weight, 
end the load cell geometry. Using the calibmation ghaét 
and placing weights along its length at predetermined 
positions it is possible to calibrate load cells at stations 
1, 3, and 4, by rotating the dynamometer through 90 degrees 
while it is mounted on its side in the water tunnel. 
Similarly calibration constants for load cells at stations 
2 and 6 are determined using the calibration T-bar. This 
T-bar geometry introduces a yaw moment dependent upon tne 
dynamometer angular position in addition to the other forces 
roll and pitch moments associated with the straight shaft. 
The calibration constants determined by the above methods 
are: ei one, .-0970; cell two, .0558; cell thieey «2374; 
@ell four, -1013; and cell six, -23831- 

Rudder Shaft Twist 
In order to determine the amount of twist of the rudder 


when acted upon by a twisting moment, a contoured moment arm 
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is fitted to the rudder mounted in the dynamometer. By 
means of a WWII gunner's quadrant the angular rotation of 
the rudder is determined for the applied weight at a known 
position from the rudder shaft. The value determined is 


—@ 


1/733.3 degrees per inch-lb. 
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DATA REDUCTION COMPUTER PROGRAM 


The data accumulated during the experiments, certain rudder 
constants, and environmental conditions are utilized as 
input to the program. The computer program resolves the 
input into the following output: 

1. Forces and moments relative to the dynamometer 
coordinate system at a particular dynamometer angle. 

2. Forces and moments relative to the stream coordinate 
System at a particular angle of attack. 

3. Coefficients of lift, drag, rudder moment, flap 


moment, and center of pressure coefficients for lift and 


drag at a particular angle of attack. 


Each set of output is associated with a specific flap angle. 
In this investigation flap angle settings from 0 to 35 
degrees at 5 degree intervals were used. Therefore each 


rudder is described by eight sets of data. 
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DEFINITION OF VARIABLES 


IDENT = Rudder description 


ZM = Velocity manometer zero reading 


i 


it 


Digital indicator zero reading 


ZF = Flap indicator zero reading 


NTAP = Velocity manometer valve ee code 

NFLD = Manometer fluid code 

ANOM = Manometer reading in mm 

ANGL = Dynémometer angle or angle of attack if corrected for 
the angle of zero lift . 

S = Sign signifying the quadrant in which the Lebow indicator 


is operating 


R 


Reading of the digital indicator 

FL = Normal force, instrument axis 

FD = Chordwise force, instrument axis 

FY = Yaw moment, instrument and stream axes 
FR = Roll moment, instrument axis 

FP = Pitch moment, instrument axis 

FF = Flap moment, instrument and stream axis 
Sse = litt force 

SD = Drag force 

SR = Roll moment, stream axis 

SP = Pitch moment, stream axis 

C = Load cell calibration constant 


me GD CY GR GP ,CF = Geeffieients of lift force, drag force, 


yaw, roll, pitch, and flap moment 
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CURVE PLOTTING COMPUTER PROGRAM 


eee Wet ae to hee toe oe eo ae wt Smet Seer hes 


The experimental results are represented by graphic 
plots. The plotting was accomplished by a computer pro- 
gram and the S-C 4020 Computer Recorder manufactured by 
Stromberg-Carlson. The input for this program is the output 
of the data reduction program, coefficients at angle of 
attack with the parameter flap angle. The basic features 
of the program are a 5 point 3 degree curve smoothing 
method outlined in reference 6 incorporated in a smoothing 
subroutine which smooths the points both vertically at 
@emevrant angle of attack, and horizontally at constant flap 
angle; a Lagrange wetfion interpolation subroutine, and the 
main program iter the plot set up and execution. The 
output is a printed set of interpolated lift, drag. rudder 
moment, flap moment, and center of pressure coefficients 
Mersus angle of attack at each flap angle, and a graphical 
presentation of this data in the form of a family of curves 


similar to those encountered in aerodynamic publications. 
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